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SUMMARY 


This  report  presents  the  results  of  an  experimental  investiga¬ 
tion  of  the  dynamic  airloads  on  an  airfoil  immersed  in  reverse 
flow  such  as  occurs  on  the  retreating  side  of  a  helicopter 
rotor  disc  in  forward  flight.  Forces  and  moments  in  two- 
dimensional  flow  were  determined  from  airfoil  differential 
pressures  measured  during  pitching  oscillation.  Mach  number, 
Reynolds  number,  and  mean  angle-of-attack  ranges  corresponded 
to  those  typically  encountered  under  full-scale  flight  condi¬ 
tions.  Frequencies  of  oscillation  were  varied  between  values 
corresponding  to  the  1/rev  and  typical  first  elastic  torsional 
frequencies  of  rotor  blades. 

Pitching  oscillation  was  shown  to  postpone  normal  force  and 
pitching  moment  stall  to  angles  of  attack  well  beyond  static 
values.  Large  increases  in  dynamic  and  Cm  maxima  due  to 
reduced  frequency  and  pitch  rate  effects  were  observed,  while 
variations  due  to  Mach  number  were  found  to  be  relatively 
small  and  corresponded  to  those  occurring  under  static 
conditions.  Pitching  moment  hysteresis  effects  produced 
regions  of  negative  damping  for  all  test  Mach  numbers  in 
oscillations  at  mean  angles  of  attack  near  and  greater  than 
the  static  stall  value. 

Variation  of  trailing-edge  tab  angle  3  degrees  up  and  3  degrees 
down  from  the  X-axis  at  angles  of  attack  from  approximately 
160  degrees  to  200  degrees  in  reverse  flow  was  observed  to 
produce  only  small  changes  in  dynamic  and  CM  magnitudes  with¬ 
out  appreciable  changes  in  stall  postponement  or  hysteresis 
patterns.  The  changes  in  Cfj  and  Cm  observed  under  dynamic 
conditions  are  similar  to  those  observed  under  steady  flow 
(static)  conditions. 

With  the  Vertol  23010-1.58  airfoil,  the  dynamic  Cnmax  values 
achieved  in  reverse  flow  are  considerably  less  thanthose 
achieved  in  forward  flight  for  oscillation  at  a  frequency 
corresponding  to  the  rotor  1/rev  rate.  At  such  low  frequencies, 
the  Vertol  23010-1.58  airfoil  demonstrates  a  leading-edge 
type  of  stall  in  forward  flight  for  Mach  numbers  up  to  0.5, 
and  a  thin  airfoil  type  of  stall  in  reverse  flow.  This  results 
in  stall  at  lower  angles  of  attack  with  lower  dynamic  Cnmax 
values.  At  the  higher  oscillation  rates,  for  reduced  frequen¬ 
cies  greater  than  0.25,  dynamic  Cn  maxima  are  similar  in 
magnitude  under  both  forward  and  reverse  flow. 
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FOREWORD 


The  results  of  a  wind  tunnel  test  program  to  investigate  the 
dynamic  airloads  acting  on  an  airfoil  oscillating  in  reverse 
flow  are  summarized  in  this  report.  The  work  was  performed 
for  the  United  States  Army  Aviation  Materiel  Laboratories  under 
Contract  DAAJ02-68-C-0064  (Task  IF162204A14231)  and  under  the 
technical  cognizance  of  Patrick  Cancro  of  the  Aeromechanics 
Division  of  USAAVLABS. 

The  report  consists  of  two  volumes: 

Volume  I,  Summary  and  Evaluation  of  Results 

Volume  II ,  Data  Report 

The  tests  were  conducted  at  the  Commercial  Airplane  Division  of 
The  Boeing  Company  in  the  Supersonic  Wind  Tunnel.  The  assist¬ 
ance  and  cooperation  of  the  Model  Design,  Instrumentation,  and 
Supersonic  Wind  Tunnel  Testing  Groups  are  gratefully  acknowl¬ 
edged.  The  assistance  of  Messrs.  I.  Walton  and  M.  Brill  of 
the  Vertol  Division  in  running  the  tests  is  greatly  appreciated. 
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INTRODUCTION 


The  speed  and  lifting  capability  of  present  high-speed  helicop 
ter  rotor  systems  are  limited,  not  only  by  power  requirements, 
but  also  by  critical  aerodynamic  considerations.  Avoidance  of 
high-transonic  drag  levels  and  compliance  with  rotor  noise 
"Mach  bang"  restrictions  usually  limit  blade  tip  Mach  numbers 
on  the  advancing  side  to  high  subsonic  values  near  0.9.  Con¬ 
sequently,  at  high  forward  speeds,  a  region  of  reverse  flow 
exists  on  the  retreating  side  of  the  rotor  disc  (i.e.,  flow 
over  the  rotor  blade  from  the  trailing  edge  to  the  leading 
edge) . 

The  boundary  of  this  reverse-flow  region  is  nominally  a  circle 
of  diameter  equivalent  to  the  rotor  advance  ratio  expressed  as 
a  fraction  of  blade  radius  .  It  is  centered  on  the  270-degree 
rotor  azimuth  and  extends  outward  from  the  hub.  The  presence 
of  reduced  dynamic  pressure  on  the  retreating  blade,  combined 
with  the  requirement  for  roll  equilibrium,  thus  implies  the 
need  to  develop  relatively  high  positive  sectional  lift 
coefficients  outboard  of  the  reverse-flow  region.  For  this 
reason,  retreating-blade  stall  is  a  limiting  factor  on  rotor 
performance.  Any  enlargement  of  the  reverse-flow  region 
enhances  its  importance,  since  the  outer  segment  of  the  blade 
must  overcome  any  down  loads  on  the  inboard  portion  subjected 
to  reverse  flow. 

Blade  operation  in  the  reverse-flow  region  represents  an  area 
of  helicopter  rotor  technology  which  has  been  largely  ignored. 
The  dynamic  environment  in  reverse  flow  is  highly  nonlinear  in 
nature  due  to  the  combination  of  the  relatively  low  in-plane 
velocity  and  the  nonuniform  induced-downwash  flow  field. 

Thus,  the  reverse-flow  region  effective  pitch  rates  include 
frequency  components  above  the  1/rev  rate  associated  with  the 
blade  cycle.  Since  dynamic  blade  motions  in  forward  flow  are 
known  to  have  strong  effects  on  airloads  and  on  stall  post¬ 
ponement,  1  it  is  expected  that  appreciable  effects  also 
exist  in  reverse  flow.  While  the  presence  of  a  sharp,  stream- 
wise  leading  edge  is  known  to  reduce  maximum  lift  and  angle  of 
attack  for  static  stall,  the  behavior  under  a  dynamic  environ¬ 
ment  had  heretofore  not  been  determined. 

The  objective  of  the  program  of  wind  tunnel  tests  on  oscillat¬ 
ing  airfoils  is  to  acquire  a  comprehensive  set  of  two- 
dimensional  airfoil  aerodynamic  data  in  a  dynamic  environment 
representative  of  the  reverse-flow  region  of  a  rotor  disc. 

This  matrix  of  test  data  forms  a  basis  from  which  mathematical 
formulations  and  an  understanding  of  dynamic  stall  phenomena 
in  reverse  flow  can  be  developed. 
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TEST  FACILITIES,  MODELS,  AND  DATA  SYSTEM 


This  section  presents  a  description  of  the  basic  test  facili¬ 
ties,  apparatus,  and  data  recording  and  reduction  system. 

This  equipment  has  been  documented  in  a  report  on  earlier 
oscillatory  testing1  and  includes  refinements  to  the  data 
recording  and  reduction  techniques  as  reported  for  later 
tests 2 . 

TEST  FACILITIES 

The  subsonic,  variable-density,  two-dimensional,  l-by-3-foot 
test  section  of  the  Boeing  4-by-4-foot  supersonic  wind  tunnel 
was  used  to  test  a  6.38-inch-chord  airfoil  section  model.  The 
test  section  total  pressure  and  airfoil  drive  frequencies 
were  chosen  to  simulate  the  Reynolds  numbers  and  reduced 
frequencies  corresponding  to  a  2-foot-chord,  full-scale  rotor 
blade  oscillating  at  frequencies  from  1/rev  to  6/rev. 

The  pitch  oscillating  mechanism  is  shown  in  Figure  1.  A 
hydraulic  motor  is  used  to  drive  a  flywheel  with  an  eccentric¬ 
ally  mounted  cam.  The  cam  slides  in  a  slotted  crank  which  is 
rigidly  attached  to  the  airfoil  model  on  the  pitch  axis. 

Four  fixed  nominal  amplitudes  of  oscillation,  from  2.5  to  10 
degrees  in  2.5-degree  increments,  are  provided  by  cam  locations 
of  differing  radial  eccentricity. 

AIRFOIL  MODEL  AND  INSTRUMENTATION 

The  airfoil  section  chosen  for  testing  under  reverse-flow 
conditions  was  the  Vertol  23010-1.58,  which  is  currently  used 
on  production  CH-46  and  CH-47  helicopters.  This  section  is 
representative  of  the  state  of  the  art  in  airfoil  design  and 
provides  a  good  compromise  between  the  hijh  lift  characteris¬ 
tics  and  transonic  drag  rise  behavior  of  the  leading-edge 
camber  airfoil  designs  required  for  helicopter  rotors.  The 
Vertol  23010-1.58  airfoil  has  a  camber  line  similar  to  the 
NACA  230  series,  a  thickness  ratio  of  approximately  10  percent, 
and  a  cusped  trailing  edge  which  consists  of  a  flat  sheet 
extension  of  about  5-percent  chord.  The  section  contour  and 
coordinates  are  shown  in  Figure  2;  a  statement  of  the  basic 
mode'  parameters  and  instrumentation  features  is  given  in  the 
table  on  page  5. 

Extensive  oscillatory  testing  under  forward-flow  conditions  was 
performed  on  this  airfoil  during  1966  and  1967  and  is  reported 
in  Reference  1. 
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VERTOL  23010-1.58 


x/c 

y/c  UPPER 

y/c  LOWER 

0 

-0.0251 

0.0215 

0.0056 

-0.0070 

0.0336 

0.0096 

-0.0028 

0.0361 

0.0135 

0.0008 

0.0374 

0.0254 

0.0097 

0.0394 

0.0333 

0.0145 

0.0401 

0.0571 

0.0253 

0.0419 

0.0967 

0.0369 

0.0443 

0.1462 

0.0451 

0.0471 

0.1957 

0.0489 

0.0497 

0.2452 

0.0499 

0.0517 

0.2848 

0.0499 

0.0523 

0.3937 

0.0479 

0.0503 

0.4729 

0.0444 

0.0464 

0.5521 

0.0396 

0.0412 

0.6313 

0.0335 

0.0346 

0.7502 

0.0223 

0.0228 

0.8293 

0.0137 

0.0139 

0.9086 

0.0046 

0.0047 

0.9440 

0.0010 

0.0011 

1.000 

0.0010 

0.0011 

LEADING  EDGE  RADIUS  =  0.0158 


CENTER 


x/c  =  0.0158 
y/c  =  0.0215 


Figure  2.  Test  Airfoil  Coordinates, 
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AIRFOIL  MODEL  AND  INSTRUMENTATION  DATA 


Item 

Description 

Airfoil  Section 

Vertol  23010-1.58  ; 

Model  Span 

12  inches  nominal 

Model  Scale 

1/4 ,  based  on  2-foot-chord 

rotor  blade 

Model  Chord 

6.38  inches 

Thickness  Ratio 

10.2  percent 

Construction 

Machined  from  maraging  steel 

Transducer  Type 

Kulite  XPLH1-125-50D,  -25D 

Number  Installed 

16 

Location  in  Percent 

Chord 

0.5,  2.3,  5.0,  9.3,  20,  30, 

40,  50,  60,  70,  83,  88,  92, 

95,  97.5,  99.5 

Pressure  Range 

+50  psi  located  at  0.5,  2.3, 
5.0,  9.3,  83,  92,  97.5,  99.5 

+25  psi  located  at  remaining 
positions 

DATA  RECORDING  AND  REDUCTION  SYSTEM 


The  complete  data  recording  and  reduction  system  is  shown 
schematically  in  Figure  3.  Data  recording,  on-line  oscillo¬ 
graph,  and  X-Y  plotter  presentation  were  controlled 
automatically  during  the  test  through  the  tunnel  operating 
console.  After  analysis  and  editing  of  the  oscillograph 
records,  all  further  data  reduction  was  performed  off-line  at 
the  Vertol  Division. 

Data  Recording 

All  test  data,  including  airfoil  pressures  and  tunnel  operating 
conditions,  were  recorded  simultaneously  by  a  pair  of  Sangamo 
Model  3500  FM,  wideband,  14-channel  tape  recorders. 

A  time  code  signal  and  a  flywheel  1/rev  pulse  were  recorded 
on  both  tapes  to  provide  data  synchronization.  In  addition, 
an  Electronic  Associates  Model  TR48  analog  computer  was  used 
to  integrate  the  differential  pressures  to  provide  preliminary 
on-line  values  of  C„  and  Cu. 

All  test  parameters,  including  and  were  displayed 
simultaneously  on  oscillograph  s tripouts  for  direct  data 
monitoring.  In  addition,  an  X-Y  pen  plotter  was  used  on-line 
to  record  scaled  aerodynamic  damping  versus  mean  angle  of 
attack  during  oscillatory  testing  and  Cfj  versus  angle  of 
attack  during  static  testing. 

Data  Reduction 


Six-hundred-and-thirty-nine  different  test  conditions  were 
recorded  and  digitally  processed.  Each  oscillatory  test  point 
was  constructed  from  an  average  of  at  least  10  individual 
consecutive  data  cycles  (20  cycles  at  drive  frequencies  of  48 
Hertz  and  higher) ,  with  approximately  50  points  read  for  each 
data  cycle. 

To  process  this  information,  the  off-line  data  reduction  system 
described  in  Reference  1  was  used  to  convert  the  analog  signals 
to  digital  form  and  to  provide  all  final  data  output.  Addi¬ 
tional  calibrations  were  made  to  allow  for  the  nonlinear 
sensitivity  characteristics  of  the  transducer  units. 
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AIRFOIL  PRESSURES  AP 
AIRFOIL  PARAMETERS  a,  Aa ,  f 
FLOW  PARAMETERS  PT,  P  ,  T? 


SIGNAL¬ 

CONDITIONING 

AMPLIFIERS 

(PRESTON) 
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INTEGRATION 
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REPORT 
TABULATED 
LISTINGS 


FINAL  DATA 
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CN  >  CM  VERSUS  a 
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Figure  3.  Data  Recording  and  Reduction  System 


EXPERIMENTAL  RESULTS 


PARAMETRIC  TRENDS  FOR  DYNAMIC  C„ 

N 


AND  C„  BEHAVIOR 

M 


Test  data  were  obtained  for  the  Vertol  23010-1.58  airfoil 
under  conditions  of  forced  pitch  oscillation  in  reverse  flow 
(i.e.,  trailing  edge  foremost).  The  effect  of  varying  the 
airfoil  trai ling-edge  tab  angle  3  degrees  up  and  3  degrees 
down  from  the  neutral  position  was  also  investigated.  The 
wind  tunnel  tests  were  conducted  with  both  the  airfoil  pitch 
axis  and  the  pitching  moment  reference  center  at  the  geometric 
quarter-chord  location,  as  they  were  in  forward  flow  testsi, 
to  provide  an  accurate  description  of  typical  rotor  blade 
airloads  in  reverse  flow. 

Figure  4  illustrates  the  sign  conventions  used  in  this  report 
to  define  the  behavior  of  an  airfoil  operating  in  reverse  flow. 
The  orientation  of  angle  of  attack,  Cn,  Cm»  and  airfoil 
geometric  properties  (chord  location,  camber,  and  trai ling- 
edge  tab  position)  is  the  same  in  reverse  flow  as  in  forward 
flow.  Airfoil  drag  is  measured  along  the  relative  free-stream 
wind  vector,  and  hence  in  reverse  flow  is  measured  as  positive 
in  the  sense  of  the  geometric  trailing-edge  to  leading-edge 
direction. 

Test  conditions  were  investigated  over  a  range  of  mean  angles 
of  attack  from  160  to  205  degrees,  amplitudes  of  oscillation 
from  2.5  to  10  degrees,  Mach  numbers  from  0.2  to  0.4,  and 
oscillatory  frequencies  from  16  to  80  Hertz.  The  experimental 
results  are  generally  discussed  and  identified  in  terms  of  the 
predefined  nominal  values  of  these  parameters,  and  measured 
values  are  used  in  the  discussion  only  to  identify  specific 
items.  As  expected  in  any  test  program,  slight  variations 
occurred  between  the  exact  and  predefined  nominal  test  condi¬ 
tions  for  each  test  point.  However,  these  variations  were 
sufficiently  small  to  allow  a  correct  interpretation  of  the 
data  trends  and  levels  at  the  nominal  conditions  without 
cross-plotting.  Measured  average  values  of  Mach  number,  mean 
angle  of  attack,  oscillatory  pitch  amplitude,  drive  frequency, 
and  reduced  frequency  are  shown  on  each  plot  where  applicable. 

Figures  5  through  12  present  typical  variations  in  Cn  and 
Cm  versus  angle-of-attack  behavior  on  the  Vertol  23010-1.58 
airfoil  in  reverse  flow  due  to  the  effects  of  mean  angle  of 
attack,  oscillatory  amplitude,  drive  frequency,  Mach  number, 
and  trailing-edge  tab  angle.  The  following  sections  discuss 
and  illustrate  the  characteristic  data  trends  attributable  to 
the  various  parameters.  Unless  otherwise  noted,  the  discus¬ 
sions  refer  to  the  trailing-edge  tab  in  the  neutral  position. 
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The  aerodynamic  characteristics  for  this  airfoil  in  reverse 
flow  are  generally  similar  to  those  obtained  under  forward-flow 
conditions  for  thin  airfoils,  as  previously  reported2. 

Effect  of  Mean  Angle  of  Attack 

Figure  5  presents  Cn  and  Cm  versus  angle-of-attack  traces  for 
a  5-degree  amplitude,  16-Hertz  oscillation  of  the  Vertol 
23010-1.58  airfoil  at  M  =  0.2  and  k  =  0.12.  A  sequence  of 
traces  at  mean  angles  of  attack  from  182.48  to  199.88  degrees 
shows  the  development  of  dynamic  Cn  and  Cm  from  fully  attached 
to  fully  stalled  flow  conditions.  Static,  nonoscillatory  data 
are  included  on  the  plots  for  reference. 

The  first  Cn  and  Cm  traces,  at  a0  =  182.48  degrees,  show  typical 
unstalled  behavior.  The  near-elliptical  shapes  of  the  data 
loops  are  similar  to  those  predicted  by  the  potential  flow 
theory.*  It  is  noted  that  the  pitching  moment  magnitude  is 
approximately  half  that  of  the  normal  force  and  is  of  opposite 
sign.  This  results  from  the  location  of  the  moment  reference 
center  at  the  geometric  quarter  chord,  which  is  actually  the 
three-quarter  chord  in  reverse  flow. 

The  second  pair  of  traces,  at  aQ  =  187.38  degrees,  shows  signs 
of  incipient  stall  at  the  maximum  angle  of  attack  in  the  cycle. 
The  typical  increases  and  delay  in  maximum  Cn  and  Cm  magnitudes 
that  have  been  observed  to  accompany  dynamic  stall!' 2  are 
again  present.  In  addition,  as  previously  observed  in  forward 
flow,  the  pitching  moment  shows  an  earlier  initial  reduction 
than  does  the  normal  force. 

As  the  mean  angle  of  attack  increases  further,  the  stall  angle 
also  increases,  but  it  occurs  progressively  earlier  in  the 
cycle.  Peak  maximum  Cn  and  Cm  values  are  shown  to  occur  at 
aQ  =  192.41  degrees.  At  a0  =  199.88  degrees,  the  last  pair  of 
traces  shows  fully  developed  stall  throughout  oscillation. 

Figure  6  compares  Cn  and  Cm  versus  angle  of  attack  for  f  =  16 
Hertz  and  M  =  0.4  (similar  data  at  M  =  0.2  were  not  available) 
at  two  mean  angles  of  attack  equidistant  from  180  degrees. 

The  trailing-edge  tab  is  in  the  neutral  position  to  give 
trai ling-edge  symmetry.  The  dashed  lines  for  the  lower  mean 
angle-of-attack  range  (aQ  =175  degrees)  are  shown  with  an 
inverted  sign  convention  to  provide  as  direct  a  comparison  as 


‘Comparisons  of  experimental  and  theoretical  Cn  and  Cm 
behavior  are  discussed  in  a  later  section. 
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possible.  Although  the  static  data  in  Appendix  I  show  a 
slightly  earlier  stall  tor  angles  of  attack  less  than  180 
degrees,  this  is  not  evident  in  tho  oscillatory  data.  The 
small  shifts  in  moan  Cn  and  Cm  levels  are  consistent  with  those 
experienced  under  static  conditions. 

The  effoct  on  Cn  and  Cm  due  to  a  variation  of  mean  angle  of 
attack  through  stall  over  ranges  both  greater  and  less  than 
180  degrees  should  not  show  changes  in  flow  behavior  caused 
by  leading-edge  geometry,  since  the  Vertol  23010-1.58  airfoil 
is  near  symmetrical  aft  of  about  75-percent  chord,  assuming  a 
neutral  trailing-edge  tab  position.  The  resulting  variations 
in  Cn  and  Cm  are  therefore  due  to  changes  in  the  rear  flow- 
separation  points  which  are  sensitive  to  camber  effects  and  to 
the  high  surface  curvatures  in  this  region  close  to  the  airfoil 
nose . 

Effect  of  Pitching  Frequency 

Figure  7  shows  a  sequence  of  Cn  and  Cm  loops  illustrating  the 
effect  of  increasing  frequency  for  a  5-degree  amplitude 
oscillation  at  M  =  0.2  and  aD  approximately  192.5  degrees. 

The  most  noticeable  effect  of  increasing  frequency  is  the 
progressive  delay  of  the  Cn  and  Cm  breaks  at  stall.  At  the 
lowest  frequency,  approximately  16  Hertz,  the  Cm  break  occurs 
during  the  increasing-angle-of-attack  portion  of  the  cycle  at 
an  angle  of  attack  substantially  beyond  that  for  static  stall. 
The  next  Cm  trace,  at  approximately  f  =  32  Hertz,  breaks  just 
before  the  maximum  angle  of  attack  is  reached.  The  traces  at 
all  higher  frequencies  show  a  Cm  break  during  the  decreasing- 
angle-of-attack  portion  of  the  oscillation.  This  is  accom¬ 
panied  by  a  reversal  in  the  direction  of  the  Cm  loop. 

Effect  of  Amplitude  of  Oscillation  at  Fixed  Maximum  Angle  of 
Attack 


Figure  8  shows  the  variation  of  Cn  and  Cm  stall  behavior  at 
four  different  amplitudes  of  oscillation  for  a  constant 
maximum  angle  of  attack  at  f  =  16  Hertz  and  M  =  0.2.  Since  the 
nominal  frequency  remains  unchanged,  differences  in  the  Cn 
and  Cm  stall  behavior  are  attributed  to  pitch  rate  effects, 
da/dt  being  proportional  to  fAa. 

The  principal  effects  of  increasing  amplitude  are  to  increase 
both  the  stall  delay  and  Cnmax-  However,  the  data  loops  at 
Aa  =  10  degrees  show  dynamic  stall  to  be  delayed  to  a  position 
very  close  to  the  maximum  angle-of-attaok  condition,  thus 
limiting  CNj^. 
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As  may  be  expected,  these  characteristics  are  similar  to  those 
previously  noted  to  correspond  to  frequency  increases.  Both 
effects  are  equivalent  to  pitch-rate  increases. 

Effect  of  Mach  Number 


A  comparison  of  Cn  and  Cm  versus  angle-of-attack  traces  at 
constant  reduced  frequency  (k  =  0.24)  is  presented  in  Figure  9 
to  illustrate  the  differences  in  dynamic  characteristics  that 
are  dependent  on  Mach  number  variation.  Three  curves  for  Mach 
numbers  from  0.2  to  0.4  are  shown  for  a  5-degree  oscillation 
at  d0  =  192.5  degrees.  All  three  traces  show  a  remarkable 
similarity  both  in  the  position  of  the  stall  breaks  and  the 
peak  magnitudes  of  Cn  and  Cm*  The  most  significant  variation 
between  the  traces  occurs  during  the  period  between  stall  and 
stall  recovery.  However,  the  separated  flow  conditions  which 
exist  over  the  uppermost  wing  surface  at  this  time  would  be 
expected  to  produce  irregular  CN  and  Cm  stall  recovery  patterns 
such  as  those  commonly  observed  under  static  conditions. 

It  appears  that  Mach  number  effects  on  dynamic  stall  in  reverse 
flow  are  of  minor  significance,  at  least  up  to  M  =  0.4.  This  is 
in  general  agreement  with  thin  airfoil  behavior^,  which  shows 
only  small  variations  in  stall  angle  of  attack  over  the  range 
of  test  Mach  numbers. 

Effect  of  Airfoil  Geometry 

Angle  of  attack  for  dynamic  stall  and  maximum  attainable  normal 
force  coefficient  are  sensitive  to  leading-edge  flow  behavior. 
Thus,  geometric  variations  in  the  angle  of  the  trailing-edge 
tab  are  likely  to  affect  airfoil  performance  in  the  reverse- 
flow  regime. 

Figure  10  shows  the  effect  of  varying  the  trailing-edge  tab 
deflection  on  Cn  and  CM  for  a  5-degree  amplitude  of  oscillation 
at  M  =  0.2,  f  =  16  Hertz,  and  aQ  =  192.5  degrees.  All  three 
pairs  of  traces  are  generally  similar  except  for  differences 
in  the  steady  CN  and  CM  levels.  Figure  11  gives  a  similar 
comparison  at  a  high  frequency,  f  =  80  Hertz,  and  substantiates 
those  features  noted  at  low  frequency.  An  illustration  of 
trailing-edge,  tab-angle  variation  at  a  higher  Mach  number  is 
limited  by  available  test  data  to  M  =  0 . 3  and  f  =  16  Hertz,  as 
shown  in  Figure  12.  The  features  noted  here  in  the  Cn  and  Cm 
behavior  do  not  show  any  significant  differences  from  those 
seen  at  M  =  0.2.  It  is  thus  concluded  that  small  variations 
in  the  trailing-edge  tab  position  have  only  a  small  influence 
on  the  inception  of  dynamic  stall  at  Mach  numbers  up  to  0.3. 
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Figure  13  presents  the  maximum  attained  Cn  versus  reduced 
frequency  at  Act  =  5  degrees.  The  reduced-frequency  parameter, 
k,  which  relates  the  effects  of  pitch  frequency  to  free  stream 
speed,  shows  a  particularly  strong  influence,  whereas  only  weak 
Mach  number  effects  are  indicated.  Mach  number  effects  change 
the  maximum  value  of  Cn  by  a  small  margin  similar  to  the 
differences  existing  under  static  conditions  (see  Appendix  I)  . 
This  relatively  small  influence  of  Mach  number  on  Cnmax'  unlike 
the  strong  suppressive  effect  reported  for  this  airfoil 
oscillating  under  forward  flow  conditions1,  is  attributed  to 
the  presence  of  a  sharp,  streamwise  leading  edge.  This  effect 
is  characteristic  of  thin  airfoil  stall  behavior2/3. 

The  area  enclosed  by  any  Cm  trace  versus  angle  of  attack  is 
proportional  to  the  net  work  per  cycle  done  by  the  airfoil  on 
the  surrounding  air.  This  area  is  known  as  "cycle  damping" 
and  is  proportional  to  the  contour  integral, 

W  =  -  (jb  CM  .  da 

The  damping  is  positive  for  a  counterclockwise  loop.  Areas 
enclosed  by  a  clockwise  loop  indicate  an  energy  input  to  the 
airfoil  system  from  the  surrounding  air  and  represent,  by 
definition,  negative  damping. 

The  effect  of  oscillation  frequency  on  pitch  damping  is 
presented  in  Figure  14.  At  angles  of  attack  close  to  a  =  180 
degrees  the  damping  shows  an  approximate  correspondence  to  the 
theoretical  magnitude,  indicated  by  unity.  The  inception  of 
stu-_  is  accompanied  by  a  destabilizing  downtrend  in  the 
damping  value.  Increases  in  frequency  delay  the  onset  of 
negative  damping.  Note  that  this  is  preceded  by  a  positive 
trend  in  the  damping  at  the  higher  test  frequencies.  Negative 
damping,  once  obtained,  persists  over  all  higher  angles  of 
attack  shown. 

In  application  to  helicopter  rotors,  aerodynamic  pitch  damp¬ 
ing  is  most  important  at  the  frequency  corresponding  to  that 
of  the  blade  first  elastic  torsional  mode^'G/'.  Figure  15 
shows  the  effect  of  Mach  number  on  pitch  damping  for  a  2.5- 
degree  amplitude  of  oscillation  at  f  =  80  Hertz.  Increases  in 
Mach  number  between  0.2  and  0.4  reduce  the  stall  delay  and 
consequently  produce  an  earlier  onset  of  negative  damping. 

This  behavior  is  consistent  with  the  degree  to  which  the  dynamic 
stall  delay  is  dependent  on  the  reduced  frequency,  as  noted 
in  the  earlier  discussion  on  the  Cn  and  CM  versus  a  behavior. 


13 


To  show  the  effect  of  oscillatory  amplitude.  Figure  16  compares 
pitch  damping  at  Aa  =  2.5  and  5.0  degrees  for  a  64  Hertz 
oscillation  at  M  =  0.2.  Increasing  amplitude  increases  pitch 
rate  effects  and  delays  stall  to  produce  a  stabilizing  effect, 
provided  that  the  airfoil  is  not  operating  in  the  totally 
stalled  condition. 

DISCUSSION  OF  STALL  AND  REATTACHMENT  PROCESSES 


Examination  of  the  detail  variations  in  the  aerodynamic  loading 
during  pitch  oscillation  provides  an  informative  basis  for 
understanding  the  flow  processes  governing  the  dynamic  Cjj,  Cm, 
and  damping  behavior.  A  study  of  the  variations  in  chordwise 
loading  experienced  under  nonoscillatory  conditions  precedes 
the  main  discussion  in  order  to  provide  a  background  for 
comparison  with  the  dynamic  results. 

Note  that  the  multiple  chordwise  pressure  distribution  plots 
presented  in  Figures  19,  21  and  23  have  been  normalized 
by  dividing  ACp  by  Cn  for  clarity. 

Chordwise  Loadings  Under  Static  Conditions 

Figure  17  compares  chordwise  pressure  distributions  for  M  =  0.2 
and  0.4  at  angle's  of  attack  above  and  below  the  point  where 
deviation  from  the  linear  portion  of  the  lift  curve  occurs  for 
the  Vertol  23010-1.58  airfoil  operating  in  reverse  flow.*  At 
M  =  0.2,  the  loading  given  for  approximately  a  =  185  degrees 
shows  a  high  suction  peak  close  to  the  streamwise  leading  edge 
and  is  typical  of  moderate  angle-of-attack  conditions  below 
stall.  This  suction  peak  is  followed  by  a  rapid  pressure 
recovery  and  is  similar  to  that  observed  in  thin  airfoil  stall^. 
The  pressure  distribution  shown  at  approximately  a  =  192.5 
typifies  a  fully  developed  stall  condition.  The  leading-edge 
pressures  show  a  lower  suction  level,  and  the  pressure  re¬ 
covery  is  less  rapid. 

The  pressure  distribution  comparison  at  M  =  0.4  shows  similar 
general  characteristics  to  those  noted  at  M  =  0.2.  However, 
the  pressure  recovery  following  the  streamwise  leading- 
edge  suction  peak  is  less  rapid  for  the  condition  below  stall. 

In  addition,  there  is  a  distinctly  sharper  secondary  pressure 
peak  in  the  vicinity  of  the  downstream  flow  separation  points. 


‘Static  test  data  in  reverse  flow  are  presented  in  Appendix  I. 
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Dynamic  Stall  Loading  Behavior 

Figure  18  presents  average-cycle  time  histories  of  stall  for 
CN»  Cm»  and  five  selected  chordwise  ACp's  at  f  =  16  Hertz  and 
M  =  0.2.  Equivalent  static  Cn  and  Cm  traces ,  corresponding  to 
the  instantaneous  angle  of  attack,  are  shown  for  comparison. 

It  is  seen  that  at  this  low  test  frequency,  which  corresponds 
to  the  rotor  1/rev  motion,  a  substantial  stall  delay  occurs 
with  a  peak  Cn  margin  of  about  0 . 5  above  the  static  value  being 
reached . 

Figure  19  shows  a  sequence  of  corresponding  chordwise  loadings 
at  20-degree  increments  throughout  the  cycle.  The  first 
loading,  at  0  =  0  degrees,  is  shown  for  a  flow  condition  that 
precedes  stall.  The  second  loading  corresponds  to  the  initial 
stage  of  dynamic  stall  and  shows  a  redistribution  of  the  loading 
near  the  leading  edge  to  a  flatter  profile.  Fully  developed 
stall  has  occurred  for  the  loading  at  e  =  40  degrees,  and  the 
distribution  is  virtually  flat  for  about  60  percent  of  the 
chord.  Recovery  from  stall  is  first  indicated  by  an  increase 
in  the  leading-edge  pressure  at  0  =  180  degrees  and  appears  to 
be  complete  at  0  =  220  degrees. 

As  discussed  previously  in  the  study  of  parametric  effects  on 
dynamic  stall,  Mach  number  effects  can  be  isolated  at  constant 
reduced  frequency  and  oscillation  amplitude.  Figures  20  and 
21  show  cycle  time  history  data  similar  to  those  of  Figures  18 
and  19  at  the  same  reduced  frequency  but  at  M  =  0.4. 

In  Figure  20,  the  Cn  and  Cm  traces  show  stall  delay  and  peak 
excursions  from  the  static  data  as  was  noted  at  M  =  0.2. 

The  ACp  time  histories  show  similar  traits  during  stall  and 
recovery  but  do,  however,  show  substantially  lower  pressures 
at  the  trailing  edge  than  exist  at  M  =  0.2.  These  data 
agree  with  the  pressure  distribution  characteristics  already 
noted  for  static  conditions.  In  addition,  the  leading-edge 
suction  is  seen  to  be  higher  at  stall. 

The  corresponding  sequence  of  chordwise  loadings  presented  in 
Figure  21  indicates  a  stall  behavior  similar  to  that  at  M  =  0.2. 
However,  the  loading  during  stall  is  less  flat,  and  that 
during  stall  recovery  shows  a  more  peaky  distribution. 

Effect  of  Frequency 

Figures  22  and  23  present  data  similar  to  those  of  Figures  18 
and  19  and  show  the  effect  of  increasing  the  frequency  of 
oscillation  to  80  Hertz  at  M  =  0.2.  The  most  noticeable  effects 
of  increased  frequency  on  Cn  and  Cm  are  the  extended  stall  delay 
and  the  lack  of  a  sharply  defined  stall.  However,  note  that 
the  true  time  scale  here  is  five  times  larger  than  at  the 
lower  frequency.  Allowing  for  this  consideration,  the  Cn  and 
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CM  stall  histories  occur  at  a  comparable  rate.  The  ACp  traces 
show  significant  fluctuations  during  stall.  This  behavior  has 
previously  been  reported  in  oscillatory  tests  of  thin  airfoils 
and  has  been  theorized  to  be  due  to  a  free  vortex  formed 
in  the  leading-edge  region  of  the  upper  surface  at  the  time 
that  stalled  flow  separation  is  initiated^.  This  free  vortex 
is  then  shed  as  full  stall  develops  and  drifts  downstream  at 
a  lower  speed  than  free  stream.  The  sequential  chordwise  load¬ 
ing  distributions  at  high  frequency,  shown  in  Figure  22,  also 
evidence  the  wave-like  loading  variations  during  stall. 

Effects  of  Trailing-Edge  Tab  Deflection 

The  effect  of  a  variation  of  trailing-edge  tab  deflection 
through  3  degrees  up,  and  down,  from  the  neutral  position  is 
illustrated  in  Figures  24  and  25  respectively  at  high-frequency 
conditions  similar  to  those  of  Figure  22.  Note  that  the  pitch¬ 
ing  moment  excursions  from  the  steady  flow  traces  do  not  show 
any  significant  variations.  A  comparison  of  the  ACp  time 
histories  indicates  that  a  positive  tab-angle  deflection 
produces  a  small  reduction  in  leading-edge  suction  and  an 
increase  in  the  downstream  pressure  loadings.  A  negative  tab 
deflection  may  be  se^n  to  produce  effects  opposite  to  those 
noted  above  and  of  a  similar  order  of  magnitude. 

DRAG  IN  PITCHING  OSCILLATION 

Difficulties  in  measuring  the  instantaneous  airfoil  drag  under 
unsteady-flow  conditions,  as  previously  reported  in  Reference 
1,  limit  the  availability  of  drag  data  to  a  determination  of 
time-average  values.  Such  data  were  obtained  by  using  a  pitot- 
static  probe  to  survey  the  wake  momentum  profile  while  travers¬ 
ing  at  a  sufficiently  slow  rate  compared  to  the  airfoil  motion. 
(The  drag  was  averaged  over  at  least  five  cycles  of 
oscillation . ) 

Figure  26  compares  average  drag  in  pitching  oscillation  for 
three  different  frequencies  at  M  =  0.4  with  the  trailing-edge 
tab  in  the  neutral  position.  The  static  drag  is  shown  as  a 
dashed  line  for  reference.  Increasing  the  oscillation  fre¬ 
quency  from  16  to  80  Hertz  raises  the  average  drag  in  pitch 
oscillation  under  all  conditions  tested,  thus  substantiating 
previous  results  obtained  for  airfoils  oscillating  in  forward- 
flow  conditions  1  •  *■ .  Further  agreement,  up  to  the  angle  of 
attack  for  static  stall  in  reverse  flow,  is  shown  by  the 
oscillation-induced  increase  in  the  average  drag  above  the 
static  level  at  the  corresponding  mean  angle  of  attack. 

However,  at  higher  mean  angles  of  attack  beyond  the  static 
stall  level  the  data  show  that  oscillation  eventually  reduces 
the  average  drag  to  a  value  below  the  steady  level;  the 
crossover  point  is  delayed  by  increases  in  frequency.  A 
comprehensive  explanation  of  this  phenomenon  would  require  a 
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more  detailed  knowledge  of  the  flow  structure  time  history 
during  oscillation  with  stall  than  is  obtainable  from  the  dif¬ 
ferential  pressure  measurements. 

COMPARISON  WITH  RESULTS  OBTAINED  UNDER  FORWARD  FLOW 

The  existence  of  substantial  test  data^  obtained  for  the 
Vertol  23010-1.58  airfoil  under  forward-flow  conditions  using 
the  same  basic  test  equipment  and  data  retrieval  methods  as 
reported  here  provides  the  basis  for  a  comparison  of  aerody¬ 
namic  behavior  under  both  forward-  and  reverse-flow  conditions. 
For  this  section  of  the  report  only,  a  special  sign  convention 
has  been  adopted  for  the  airfoil  coordinate  system  and  aero¬ 
dynamic  measurements  to  present  an  easily  understood  direct 
comparison  of  airfoil  performance.  This  notation  uses  the 
freestream  velocity  vector  as  a  common  reference  such  that  air¬ 
foil  chord  location  is  measured  downstream  from  the  streamwise 
leading  edge  and  both  angle  of  attack  and  normal  force  are 
defined  positive  for  the  streamwise  leading-edge  "up"  in  the 
conventional  manner.  Pitching  moments  are  referred  to  the 
1/4-chord  location  measured  from  the  streamwise  leading  edge. 

Static  Cn  and  Cm  versus  angle-of-attack  behavior  are  compared 
for  forward  and  reverse  flow  at  M  =  0.2  in  Figure  27.  The 
reverse-flow  configuration  stalls  at  a  reduced  angle  of  attack 
and  exhibits  a  lower  maximum  normal  force  value  without  an 
abrupt  drop  such  as  that  occurring  in  forward  flow.  In  addi¬ 
tion,  the  unstalled  lift  curve  slope  is  slightly  lower  in 
reverse  flow. 

A  second  comparison  of  static  Cn  and  Cm  is  shown  in  Figure  28 
for  M  =  0.4,  which  indicates  similar  traits  with  approximately 
the  same  differences  in  angle  of  attack  for  stall  as  those 
observed  in  M  =  0.2.  However,  at  M  =  0.4,  the  Cn  behavior  in 
reverse  flow  shows  a  smooth  transition  at  stall  without  any 
drop  such  as  that  existing  at  M  =  0.2. 

Figure  29  shows  a  sequence  of  three  pairs  of  chordwise  pressure¬ 
loading  profiles  comparing  forward-  and  reverse-flow  configur¬ 
ations  at  M  =  0.2  and  at  angles  of  attack  well  below  stall,  just 
below  the  reverse-flow  stall  angle,  and  for  well-developed 
stall.  The  first  loading  distributions  at  low  angles  of  attack 
show  a  general  similarity.  The  reverse-flow  profile  shows  a 
well-defined  but  reduced  leading-edge  suction  and  a  trailing- 
edge  peak  due  to  the  bluff-body,  flow-separation  behavior. 

The  next  pair  of  profiles  correspond  to  an  angle  of  attack 
close  to  stall  for  the  reverse-flow  configuration,  and  show  a 
substantial  loss  of  the  leading-edge  suction  in  reverse  flow. 

At  an  angle  of  attack  corresponding  to  fully  developed  stall 
under  both  forward-  and  reverse-flow  operation,  there  is  a 
small  region  of  attached  flow  at  the  geometric  leading  edge 
for  forward  flow  and  a  continued  presence  of  the  downstream 
trailing-edge  flow  separation  pressure  peak  in  reverse  flow. 
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Comparisons  of  dynamic  behavior  between  forward-  and  reverse- 
flow  conditions  are  summarized  in  Figures  30  through  33.  The 
maximum  Cn  attained  during  5-degree  amplitude  pitch  oscillation 
at  a  frequency  (16  Hertz)  corresponding  to  the  rotor  1/rev  is 
shown  in  Figure  30  as  a  function  of  Mach  number.  The  maximum 
Cn  level  in  reverse  flow  is  considerably  lower  but  shows  a 
similar  reduction  trend  as  Mach  number  rises.  The  latter 
behavior  is,  however,  largely  influenced  by  reduced  frequency. 
Figure  31  shows  the  variation  of  dynamic  CnmaX  with  reduced 
frequency  for  M  =  0.2  and  0.4  in  forward  and  reverse  flow.  At 
values  of  reduced  frequency  above  about  0.25,  it  is  seen  that 
the  effects  of  dynamic  stall  behavior  predominate  over  those 
arising  from  airfoil  streamwise  leading-edge  contour  differ¬ 
ences  for  Mach  numbers  in  the  range  of  0.2  to  0.4. 

A  comparison  of  pitch  damping  characteristics  for  oscillation 
at  2.5-degree  amplitude  is  given  in  Figure  32  for  a  frequency 
of  96  Hertz  at  M  =  0.2  and  0.4.  At  M  =  0.2,  a  large  positive 
damping  advantage  is  shown  for  reversed  flow  while  at  M  =  0.4, 
less  favorable  damping  trends  demonstrate  a  reduction  of  1-1/2 
degrees  in  mean  angle  of  attack  for  the  onset  of  negative 
damping.  It  should  be  noted,  however,  that  pitch  damping  is 
expressed  as  a  ratio  to  the  theoretical  value.  Since  pitch 
oscillation  in  reverse  flow  is  actually  about  the  3/4-chord 
position  measured  from  the  streamwise  leading  edge,  the 
theoretically  damped  energy  extraction  level  for  the  airfoil 
differs  from  that  corresponding  to  oscillation  in  forward  flow. 
For  example,  at  the  f  =  96  Hertz,  M  =  0.2  condition,  the 
theoretical  damping  energy  in  reverse  flow  is  approximately 
1/3  of  the  forward  flow  value.  (See  Appendix  II.) 

Thus,  the  relative  magnitude  of  actual  damping  forces  at  this 
condition  is  smaller  in  reversed  flow,  and  substantially 
reduces  both  the  advantageous  and  disadvantageous  damping  ratio 
trends.  Damping  comparisons  at  5-degree  oscillatory  amplitude 
are  limited  by  the  availability  of  test  data  to  a  frequency  of 
80  Hertz  at  M  =  0.4,  as  shown  in  Figure  33.  At  this  Mach 
number,  the  reverse-versus-forward  flow  differential  in  mean 
angle  of  attack  for  the  onset  of  negative  damping  at  2.5-degree 
amplitude  is  carried  through  to  the  larger  amplitude. 

COMPARISON  WITH  THEORETICAL  PREDICTIONS 

A  full  comparison  of  measured  static  chordwise  pressure  distri¬ 
butions  in  reverse  flow  at  angles  of  attack  below  stall  with 
values  predicted  by  potential  flow  theory  may  not  be  made 
because  of  the  practical  consideration  that  the  Kutta-Joukowski 
trailing-edge  stagnation  point  condition  does  not  exist  for  a 
bluff  trailing-edge  body.  Presently  available  computer  programs 
which  calculate  two-dimensional  theoretical  pressure  distribu¬ 
tions  for  arbitrary  airfoil  section  contours  by  employing  a 
vortex  polygon  method  such  as  that  developed  by  Davenport^  are 


18 


capable  of  being  run  with  open  trailing-edge  sections. 
However,  the  large  gap  which  would  be  left  for  the  reverse 
flow  configuration  renders  these  predictions  doubtful. 


A  theoretical  basis  for  an  approximate  comparison  of  static 
pressure  distributions  in  reverse  flow  is  the  standard  "flat 
plate"  thin  airfoil  theory4.  Figure  34  presents  such  a 
comparison  for  test  data  at  M  =  0.2  and  0.4.  As  expected,  only 
a  fair  agreement  in  both  cases  was  obtained,  and  the  measured 
data  show  appreciable  deviations.  Most  notable  are  the  marked 
loss  of  streamwise  leading-edge  suction  which  results  from  the 
leading-edge  separation  bubble  phenomenon,  and  the  uneven 
pressure  recovery  pattern  caused  by  the  early  trailing-edge 
flow  separation  in  the  airfoil  nose  region  such  as  that  occur¬ 
ring  on  a  bluff  trailing-edge  body. 


In  Figure  35,  the  measured  dynamic  force  and  moment  derivatives 
due  to  pitch  oscillation  are  compared  with  theoretical  predic¬ 
tions  for  conditions  where  no  stall  is  present  (i.e.,  mean 
angles  of  attack  close  to  180  degrees).  Theoretical  values, 
derived  from  a  thin  airfoil  representation  with  effects  of  com¬ 
pressibility  and  tunnel  walls  (method  of  images)  included,  were 
calculated  by  use  of  a  computer  program  supplied  by  NASA^O. 


Measured  values  of  the  normal  force  amplitude  are  slightly 
lower  than  predicted.  This  is  consistent  with  the  reduction  of 
lift-curve  slope  due  to  viscous  effects.  However,  the  data  do 
not  clearly  substantiate  the  expected  increase  in  lift-curve 
slope  caused  by  compressibility.  This  characteristic  is 
clouded  by  the  degree  of  scatter  in  the  test  data.  The  normal 
force  ohase  lead  measurements  show  good  agreement  with  theory 
at  low  values  of  reduced  frequency  but  show  an  appreciable 
deviation  (up  to  10  degrees)  at  the  higher  frequencies. 


The  experimental  pitching  moment  magnitudes  show  a  better 
agreement  with  theory  than  do  the  normal  force  data.  However, 
this  is  a  direct  result  of  an  upstream  shift  in  the  aerodynamic 
center  relative  to  the  theoretical  point  at  3/4  chord  (derived 
from  thin  airfoil  theory) ,  as  noted  in  Appendix  I.  Since 
pitching  moments  are  referred  to  the  1/4-chord  location  and 
are  principally  related  to  normal  force  magnitude,  larger- 
than-expected  values  are  obtained  and  thus  counteract  the 
reduction  induced  by  viscosity.  The  moment  phase  lead  data 
show  deviation  trends  which  are  similar  to  those  noted  for  the 
normal  force  but  have  a  reduced  maximum  deviation  of 
approximately  4  degrees. 
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CONCLUSIONS 


1.  Oscillatory  pitching  motions  in  reverse  flow  at  amplitudes 
and  frequencies  experienced  by  blade  elements  of  helicop¬ 
ter  rotors  strongly  influence  the  postponement  of  normal 
force  and  pitching  moment  stall  to  angles  of  attack  beyond 
static  values.  These  dynamic  effects  obey  trends  similar 
to  those  experienced  under  forward  flight  conditions. 

2.  Increases  in  maximum  Cn  and  Cm  magnitudes  in  reverse  flow 
result  from  pitch  oscillation.  These  Cn  and  Cm  changes 
are  strongly  influenced  by  the  reduced  frequency  parameter 
at  constant  oscillatory  amplitude  and  thus  imply  a 
dependence  on  the  pitch  rate  variation  parameter,  b  a/V. 

The  small  effects  of  Mach  number  noted  under  static, 
nonoscillatory  conditions  also  prevail  in  the  dynamic 
environment. 

3.  At  frequencies  corresponding  to  the  rotor  1/rev  motion, 
the  maximum  dynamic  Cnmax  magnitude  obtained  in  reverse 
flow  is  substantially  less  than  that  observed  under  forward- 
flow  operation  for  Mach  numbers  in  the  range  0.2  to  0.4. 

The  Cnmax  differential  is  greatest  at  the  lower  Mach 
number  and  is  similar  to  that  obtained  under  static 
conditions . 

4.  The  general  aerodynamic  stall  behavior  for  the  Vertol 
23010-1.58  airfoil  oscillating  in  reverse  flow  is  similar 
to  that  observed  for  thin  airfoils  such  as  the  Vertol 
13006- . 7  and  NACA  0006. 

At  small  angles  of  attack  in  static  nonoscillatory  flow, 
a  flow  separation  at  the  leading  edge  develops,  followed 
by  subsequent  reattachment.  This  phenomenon  promotes  an 
early  but  moderate  static  stall  development  which  persists 
for  all  test  Mach  numbers  between  0.2  and  0.4.  Dynamic 
stall,  however,  becomes  less  influenced  by  static  stall 
behavior  as  pitch  rate  effects  are  increased.  At  the 
higher  frequencies  of  oscillation  (k  greater  than  0.25), 
the  dynamic  Cnmax  similar  in  magnitude  to  that 
experienced  under  forward-flow  conditions.  This 
similarity  implies  that  the  dependence  of  dynamic  stall 
behavior  on  leading-edge  contour  effects  is  minimized  at 
higher  pitch  rates. 

5.  The  variation  of  trai ling-edge  tab  deflection  in  reverse 
flow  produces  only  minor  changes  in  Cn  and  Cm  levels 
without  appreciably  altering  the  angle  of  attack  for 
stall . 
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6. 


Pitching  oscillation  at  mean  angles  of  attack  in  the  range 
less  than  180  degrees  in  reverse  flow  produces  small 
changes  in  Cn  and  Cm  magnitudes  consistent  with  static 
behavior  and  with  negligible  differences  in  the  oscilla¬ 
tory  variations.  Note  here  that  the  Vertol  23010-1.58 
airfoil  has  an  essentially  symmetrical  geometric  trai ling- 
edge  contour  aft  of  about  75-percent  chord. 
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RECOMMENDATIONS 


The  representation  of  dynamic  stall  in  reverse  flow  should 
be  included  in  rotor  high  speed  performance  studies. 

The  data  presented  in  this  report  should  be  further 
analyzed  to  obtain  a  mathematical  description  of  dynamic 
stall.  As  a  first  step,  an  empirical  formulation,  of  a 
type  such  as  developed  by  Gross  and  Harris7,  provides  a 
useful  tool  for  the  application  of  these  data  to  rotor 
dynamic  and  aerodynamic  computer  analyses. 


Figure  5.  Effect  of  Mean  Angle  of  Attack  on  Dynamic  Cm  and 
for  Pitch  Oscillation  at  f  =  16  Hertz,  m  =  0.2, 
and  Aa  =  5  Degrees. 
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Figure  6.  Comparison  of  Dynamic  Cfj  and  CM  Versus 
Oscillation  at  f  =  16  Hertz,  M  *  0.2, 
and  for  Mean  Angles  of  Attack  Greater 
Than  180  Degrees. 
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Figure  7.  Effect  of  Drive  Frequency  on  Dynamic  CN  and  CM 
for  Pitch  Oscillation  at  M=0.2,  Aa  =  5  Degrees, 
and  a0  =  192.5  Degrees. 
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Figure  8.  Effect  of  Oscillation  Amplitude  on  Dynamic 
Cn  and  CM  Versus  u  for  Pitch  Oscillation  at 
f  =  16  Hertz,  M  =  0.2,  and  Constant  Maximum  , . 
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Figure  9.  Effect  of  Mach  Number  on  Dynamic  CN  and  CM 
Versus  a  at  k  =  0.24,  Aa  =  5  Degrees,  and 
a 0  =  192.5  Degrees. 
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Figure  10.  Effect  of  Trailing-Edge  Tab  Deflection  on 

CN  and  CM  Versus  a  at  M  =  0.2,  f=16  Hertz, 
and  <*o  =  192.5  Degrees. 
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Figure  11.  Effect  of  Trailing-Edge  Tab  Deflection  on 

Cn  and  Cjyj  Versus  a  at  M  =  0.2  and  f  =  80  Hertz. 
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Figure  12. 


Effect  of  Trailing-Edge  Tab  Deflection  on  Dynamic 
CN  and  Cm  Versus  a  at  M  =  0.3  and  f  =  16  Hertz. 
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MAXIMUM  C\,  ATTAINED  DURING  PITCH  OSCILLATION 


2.8 


Figure  1).  Maxiouo  Attained  in  Pitch  Onciiiation 
at  Aa  •  5  Degree* . 
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DAMPING/THEORETICAL  DAMPING 
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Figure  14.  Effect  of  Drive  Frequency  on  Pitch  Damping 

Characteristics  at  M  =  0.2  and  Act  =  5  Degrees. 
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DAMPING/THEORETICAL  DAMPING 


Figure  15.  Effect  of  Mach  Number  cu  Pitch  Damping 
Characteristics  at  f  =  80  Hertz  and 
Aa  =  2.5  Degrees. 
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MEAN  ANGLE  OF  ATTACK  u .)  -  DEGREES  - 


Figure  16.  Effect  of  Oscillation  Amplitude  on  Pitch  Damping 
Characteristics  at  f  =  64  Hertz  and  M  =  0.2. 
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Figure  17.  Static  Chordwise  Pressure  Distributions  Showing 
Stall  Development  in  Reverse  Flow  at  M  =  0.2  am 


Figure  19.  Sequential  Chordwise  Load  Distributions  for 
Pitch  Oscillation  at  f  =  16  Hertz,  M  =  0.2, 
and  Aa  =  5  Degrees. 
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Figure  21.  Sequential  Chordwise  Load  Distributions  for 
Pitch  Oscillation  at  f  =  32  Hertz,  M  =  0.4, 
and  A a  =  5  Degrees . 
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Figure  22. 


Cycle  History  of  and  ACp  for  Pitch 

Oscillation  at  f  =  80  Hertz,  M  =  0.2,  and 
Aa  =  5  Degrees. 


aCp/cN  ACp/cN  fiCp/cN 


Figure  23.  Sequential  Chordwise  Load  Distributions  for 
Pitch  Oscillation  at  f  =  80  Hertz,  M  =  0.2, 
and  Aa  =  5  Degrees. 
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Figure  24. 


Cycle  History  of  C^,  C^,  and  ACp  for  Pitch 
Oscillation  at  f  =  80  Hertz,  M  =  0.2,  and 
Aa  =  5  Degrees  With  a  3-Degree  Positive 
Trailing-Edge  Tab  Deflection. 


51 


AIRFOIL  PITCH  REFERENCE  (C  -  DEGREES 


Cycle  History  of  C^,  C^,  and  ACp  for  Pitch 
Oscillation  at  f  =  80  Hertz,  M  =  0.2,  and 
Aa  =  5  Degrees  With  a  3-Degree  Negative 
Trailing-Edge  Tab  Deflection. 
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MAXIMUM  NORMAL  FORCE  IN  PITCH  OSCILLATION 


MACH  NUMBER  (M) 


Figure  30.  Comparison  of  Maximum  Dynamic  Normal  Force 

Attained  by  the  Vertol  23010-1.58  Airfoil  During 
5-Degree-Amplitude  Pitch  Oscillation  in  Forward 
and  Reverse  Flow  at  f  ■  16  Hertz. 
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MAXIMUM  NORMAL  FORCE  COEFFICIENT  IN  PITCH  OSCILLATION 


Figure  31.  Comparison  of  Maximum  Dynamic  Normal  Force 

Characteristics  for  the  Vertol  23010-1.58  Airfoil 
in  Forward  and  Reverse  Flow  at  Ao  *  5  Degrees. 
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Figure  32.  Comparison  of  Aerodynamic  Pitch  Damping  for 
Forward  and  Reverse  Flow  at  f  -  96  Hertz, 

Aa  *  2.5  Degrees. 
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DAMPING/THEORETICAL  DAMPING 
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Figure  33. 


Comparison  of  Aerodynamic  Pitch  Damping  for 
Forward  and  Reverse  Flow  at  M  ■  0.4. 
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Figure  35.  Comparison  of  Pitch  Oscillation  Test  Data 
With  Theory. 
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STATIC  (NONOSCILIATORY)  TESTS 

The  Vertol  23010-1.58  airfoil  was  tested  under  the  steady-angle- 
of-attack  condition  in  reverse  flow  over  the  full  range  of 
angle  of  attack  and  Mach  number  for  which  dynamic  data  were 
obtained.  The  effects  of  trailing-edge  tab  deflection  were 
also  measured. 

Figure  36  presents  steady  Cj*  and  Cm  versus  angle  of  attack  for 
the  basic  airfoil  (with  neutral  trailing-edge  tab  position)  at 
each  test  Mach  number.  The  sign  conventions  defined  in  Figure 
4  produce  what  initially  appears  to  be  abnormal  Cn  and  Cm 
behavior.  Since  pitching  moment  is  measured  about  the  normal 
1/4-chord  location  defined  for  forward  flow,  it  corresponds  to 
the  3/4-chord  position  measured  from  the  upstream  edge  in 
reverse  flow.  However,  the  airfoil  center  of  pressure,  measured 
relative  to  the  flow  direction,  is  not  radically  altered  by 
leading-  or  trailing-edge  contour  variations,  and  thus,  the 
pitching  moment  coefficient  in  reverse  flow  approximates  half 
of  the  normal  force  coefficient  magnitude.  Measurements  of 
the  aerodynamic  center  in  reverse  flow  show  it  to  be  slightly 
upstream  of  the  3/4-chord  location  at  all  test  Mach  members. 

Stall  behavior  under  reverse-flow  conditions  is  characteristic 
of  thin  airfoils^.  The  sharp  "leading  edge"  precipitates  the 
early  formation  of  a  leading-edge  separation  bubble  which 
leads  to  a  gradual  Cn  and  Cm  transition  at  stall  without 
any  large  or  abrupt  changes.  Throughout  the  range  of  angles  of 
attack  shown,  the  Cm  and  Cm  behaviors  at  M  =  0.2  and  0.3  are 
quite  similar  except  for  the  earlier  stall  at  M  =  0.3  for 
angles  of  attack  greater  than  180  degrees.  Note  that  the 
peak  value  of  Cm  at  stall  occurs  before  that  of  Cn.  This 
characteristic  is  indicative  of  the  gradual  downstream  move¬ 
ment  of  the  airfoil  center  of  pressure  during  stall.  At 
M  *  0.4,  the  Cn  and  Cm  show  a  negligible  drop  at  stall  followed 
by  a  rapid  recovery  to  a  reduced  rate  of  increase.  This 
behavior  is  typical  of  transonic  flow  effects  and  is  widely 
reported  for  most  types  of  airfoil. 

Figures  37  through  39  present  the  effect  of  trailing-edge  tab 
angle  deflection  on  the  steady  Cn  and  Cm  versus  angle-of-attack 
behavior  for  each  test  Mach  number.  Tab  angle  changes  between 
+3  and  -3  degrees  produce  only  minor  changes  in  Cn*  Cm#  and 
angle  of  attack  for  stall.  Although  the  test  measurements 
show  some  inconsistency,  they  usually  agree  with  expected 
trends.  Tims,  a  positive  tab  angle  movement  should  show  a 
slight  positive  increment  in  Cn  with  a  small  shift  of  angle  of 
attack  for  both  stall  points.  Inconsistencies  in  the  data  are 
attributed  to  both  measurement  inaccuracies  and  pressure 
distribution  changes  associated  with  movement  of  the  downstream 
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flow  separation  points  close  to  the  airfoil  nose.  These  points 
are  determined  by  the  boundary  layer  profile  characteristics 
and  adverse  pressure  gradients  which  are  sensitive  to  the  high 
surface  curvatures  in  this  region. 

Static  Cd  versus  angle-of-attack  behavior  at  all  three  test 
Mach  numbers  is  shown  in  Figure  40  for  the  angle-of-attack 
range  greater  than  180  degrees.  Close  to  180  degrees,  the 
Cd  level  is  substantially  above  that  experienced  in  forward 
flow  as  a  result  of  the  wide  wake  induced  by  the  bluff-body 
trailing  edge.  The  drag  rise  associated  with  stall  starts 
well  before  Cnm.v  is  reached  and  is  similar  for  all  Mach 
numbers .  * 
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Figure  36.  Static  Cn  and  CM  Versus  a  in  Reverse  Flow  for  the 
Vertol  23010-1.58  Airfoil  With  the  Trailing-Edge 
Tab  in  the  Neutral  Position. 
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Figure  37.  Effect  of  Trailing-Edge  Tab  Deflection  on  Static 
Cn  and  Cm  Versus  a  for  the  Vertol  23010-1.58 
Airfoil  in  Reverse  Flow  at  M  =  0.2 
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Figure  39.  Effect  of  Trailing-Edge  Tad)  Deflection  on  Static 
Cn  and  Cm  Versus  a  for  the  Vertol  23010-1.58 
Airfoil  in  Reverse  Flow  at  M  =  0.4. 
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Figure  40.  Static  CD  Versus  a  in  Reverse  Flow  for  the 

Vertol  23010-1.58  Airfoil  With  the  Trailing-Edge 
Tab  in  the  Neutral  Position. 
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APPENDIX  II 

DERIVATION  OF  THEORETICAL  DAMPING 


The  theoretical  aerodynamic  damping  value  is  used  as  the 
reference  denominator  for  the  cycle  damping  ratio  parameter. 

It  is  derived  below  for  arbitrary  pitch  rotation  and  pitching 
moment  reference  centers  measured  from  the  upstream  edge  in 
fractions  of  the  chord.  For  the  model  tests  reported  here, 
both  the  pitch  rotation  axis  and  pitching  moment  reference 
center  were  located  at  the  3/4-chord  position  from  the  leading 
edge.  Note  that  the  angle  of  attack  and  its  derivatives  are 
defined  in  radian  units  measured  posi'.ive  for  the  streamwise 
leading  edge  up. 

4 

Using  the  Theodorsen  formulation  for  lift  and  moment  on  an 
oscillating  wing  in  two-dimensional  incompressible  flow, 

L  =  Lx  +  L2  +  L3  (1) 


where 


is  circulatory  in  origin,  acting  at  quarter-chord 
L2  is  noncirculatory  in  origin,  acting  at  mid-chord 


nd 


L3  is  noncirculatory  in  origin,  acting  at  three 
quarter-chord 

TrpVcC  (k)  [-h  +  Vet  +  (|£  -  xp)  a] 

2 

TT  p  C  ,  V  ,  ,C  .  •  •  , 

-g —  l“h  +  (2  -  xp)  a] 

2  * 

irpc  Va 

4 


(2) 

(3) 

(4) 


Note  that  the  Theodorsen  function  C(k)  is  complex.  Thus, 
C(k)  may  be  written  as  A(k)  +  j  B(k). 


Reduction  of  the  lift  expressions  to  coefficient  form  by 
dividing  by  pV2c/2  per  unit  span  assumes  V  to  be  constant. 


Thus  ,  C. 


=  2  7T  C  (k  ) 


t  + 


°  +  <!  -  s2'  Vs-' 


(5) 
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(6) 


CL  =  ~2  >-1'  +  <f  -  c“] 

L2  2v  Z  C 


The  pitching  moment  coefficient  may  be  similarly  derived,  as 
follows : 

CM  ■  -  T>  %  +  'f1  -  T>  cl2 

+  ,SE  _  3,  _  xsfa  | 

c  4  L3  64V2 

In  pitching  oscillation,  the  theoretical  aerodynamic  damping 
may  be  defined  as 


TD  =  d“  =  h*f'  c^(e)  ft  • de 


2 7T  f  ( Aa)  J  o 


where  this  integral  is  complex. 

If  pure  sinusoidal  pitch  oscillation  is  assumed,  then  the 
following  equations  of  airfoil  motion  apply: 

•  •• 

h  =  h  =  h  =  0.  (Airfoil  in  pure  pitch)  (10) 

a  =  Aa  (cos  0  +  j.  sin  e)  (--l) 

=  Aa  ej0 

•  -Jo 

Hence,  a  =  0Aa  j  eJ  (12) 

and  a  =  -  0^  Aa  e^0  (13) 

where  0  =  2irf  (14) 

Substitution  of  the  equations  of  motion  into  the  kernel  function 
of  the  aerodynamic  damping  integral  leads  to  the  complex 
expression 


v 


|2  -  i)  [B(k)  +  (|  -  f^)  2k  A  (k)  ] 

.xm  3v .  ]  »2  aj26 

+  (- - j)k  I  .  -it  ( Aa)  eJ 

+  [  2  (f5  -  j)  [A(k)  -  (|  -  2k  B  (k)  ] 

+  (fE  ~  I)2r2  ~  T^]  •  jn  ( Aa)  2  e^20  (15) 


Since  the  sinusoidal  angle-of-attack  variation  is  represented 
by  the  imaginary  part  of  the  motion  equations ,  only  the 
imaginary  part  of  the  integral  solution  is  required  to 
give  the  damping  expression.  This  results  from  the  first 
part  of  the  kernel  function,  and  the  theoretical  damping  becomes 

TD  =  — y1 - y~\2  (7T  ‘  j)lB(k)  +  (j  -  f£)2k  A (k)  ] 

2ir  f(Aa)  S 

+  (^  -  |)  kj  .  “tt2  ( Aa) 2  (16) 

Simplifying,  this  reduces  to 

TD  =  ly  I  (f5  -  |)  +  4  (f1  *  j)  (|  -  fE)  A(k)  ) 


B(k)  ,xm  1. 
f  *  {c  “ 


(17) 


For  the  present  tests  in  reverse  flow,  xm  =  x£  =  2  •  (18) 

c  c  4 

Hence,  TD  =  B(k)  (19) 

2f 

Values  of  the  theoretical  damping  were  computed  in  the  data 
reduction  computer  program  by  using  the  approximate  expression 
given  in  Reference  11,  as  follows: 


B  (k) 


0.001995  +  0 . 327214  (k)  +  0.122397(k)2  +  0.000146(k)3 
0.089318  +  0 .934530 (k)  +  2.481481(k)2  +  (k) 3 
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APPENDIX  III 

WIND  TUNNEL  WALL  CORRECTIONS 


Wind  tunnel  boundary  corrections  were  developed  by  using  a 
computer  program  provided  by  NASA  (based  on  the  formulation  in 
References  9  and  10)  to  calculate  the  magnitude  and  phase  of 
Cn  and  Cm  for  an  airfoil  oscillating  in  a  wind  tunnel. 
Comparative  free-air  values  were  obtained  from  the  data 
tables  in  Reference  11.  The  theoretical  values  were  based  on 
compressible  thin  airfoil  theory,  with  the  method  of  images 
used  to  simulate  the  tunnel  walls . 

Ratios  of  the  amplitude  of  Cn  and  Cm  in  free  air  to  the  tunnel 
values,  as  well  as  phase  differences,  are  presented  in  Figure 
41.  The  magnitude  corrections  are  seen  to  be  greatest  at  low 
values  of  reduced  frequency  and  high  Mach  number  but  are 
always  less  than  9  percent  for  the  range  of  test  conditions 
studied.  The  corresponding  phase  angle  corrections,  which 
increase  with  Mach  number,  are  all  less  than  4  degrees. 

The  corrections  calculated  here  are  small  in  comparison  with 
the  large  changes  in  magnitude  and  phase  experienced  during 
stall.  Therefore,  they  have  been  omitted  from  the  wind  tunnel 
results . 
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This  report  presents  the  results  of  an  experimental  investigation  of 
the  dynamic  airloads  on  an  airfoil  (Vertol  23010-1.58)  immersed  in 
reverse  flow  such  as  occurs  on  the  retreating  side  of  a  helicopter 
rotor  disc  in  forward  flight.  Forces  and  moments  in  two-dimensional 
flow  were  determined  from  airfoil  differential  pressures  measured 
during  pitching  oscillation.  Mach  number,  Reynolds  number,  and  mean 
angle-of-attack  ranges  corresponded  to  those  typically  encountered 
under  full-scale  flight  conditions.  Frequencies  of  oscillation  were 
varied  between  values  corresponding  to  the  1/rev  and  typical  first 
elastic  torsional  frequency  of  rotor  blades. 

Pitching  oscillation  was  shown  to  postpone  normal  force  and  pitching 
moment  stall  to  angles  of  attack  well  beyond  static  values.  Large 
increases  in  dynamic  Cn  and  Cm  maxima  due  to  reduced  frequency  and 
pitch  rate  effects  were  observed,  while  variations  due  to  Mach 
number  were  found  to  be  relatively  small. 

For  this  airfoil,  the  dynamic  Cnmax  values  achieved  in  reverse  flow 
are  considerably  less  than  those  achieved  in  forward  flight  for 
oscille.ion  at  a  frequency  corresponding  to  the  rotor  1/rev  rate. 
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